There are three types of magnetohydrodynamic ͑MHD͒ shocks: the fast shock, intermediate shock, and slow shock. The structure of slow shocks and intermediate shocks in the presence of heat conduction has been studied earlier ͓C. L. Tsai, R. H. Tsai, B. H. Wu, and L. C. Lee, Phys. Plasmas 9, 1185 ͑2002͒; C. L. Tsai, B. H. Wu, and L. C. Lee, Phys. Plasmas 12, 82501 ͑2005͔͒. Based on one-dimensional MHD numerical simulations with a heat conduction term, the evolution and structure of fast shocks are studied. The fast shock will form a foreshock in the presence of heat conduction. The foreshock is formed due to the heat flow from downstream to upstream and located in the immediate upstream of the main shock. In the steady state, the value of diffusion velocity V d in the foreshock is found to nearly equal the upstream convection velocity in the fast shock frame. It is found that the density jump across the main shock in high Mach number case can be much larger than 4 in the early simulation time. However the density jump will gradually evolve to a value smaller than 4 at steady state. By using the modified Rankine-Hugoniot relations with heat flux, the density jump across the fast shock is examined for various upstream parameters. The results show that the calculated density jump with heat flux is very close to the simulation value and the density jump can far exceed the maximum value of 4 without heat conduction. The structure of foreshock and main shock is also studied under different plasma parameters, such as the heat conductivity K 0 , the ratio of upstream plasma pressure to magnetic pressure ␤ 1 , Alfvén Mach number M A1 , and the angle 1 between shock normal and magnetic field. It is found that as the upstream shock parameters K 0 , ␤ 1 , and M A1 increase or 1 decreases, the width of foreshock L d increases. The present results can be applied to fast shocks in the solar corona, solar wind, and magnetosphere, in which the heat conduction effects are important.
I. INTRODUCTION
The magnetohydrodynamic ͑MHD͒ discontinuities consist of contact discontinuity, tangential discontinuity, rotational discontinuity, and MHD shocks ͑fast shock, intermediate shock, and slow shock͒. All discontinuities are related to the MHD linear wave modes. 1 A MHD discontinuity is a stationary layer through which the physical quantities ͑mag-netic field, plasma density, pressure, and flow velocity͒ may have a significant jump. The main features of the shock are the increase of the plasma density and pressure downstream of the shock, and the decrease of the normal component of plasma flow velocity. The jump relations of physical quantities across the shock have been studied. 1, 2 Across a fast shock, the magnitude of tangential magnetic field increases. The normal component of upstream ͑downstream͒ plasma flow velocity is located in the superfast ͑subfast but superintermediate͒ region. The fast shocks generated by magnetic reconnection in the solar corona can provide a mechanism for the heating and acceleration of protons and heavier ions in the solar corona as observed by Solar and Heliospheric Observatory ͑SOHO͒. 3 The heat conduction effects should be considered in a hot plasma region such as in the solar corona or solar wind where the conduction time scale is comparable to the Alfvén time scale. The heat conductivity in the hot plasma is mainly associated with electron motions and has two features: anisotropy and nonlinearity. 4 The heat conductivity parallel to the magnetic field is much larger than the perpendicular conductivity, i.e., K ʈ K Ќ . The heat conductivity increases nonlinearly with temperature, i.e., K ʈ ϰ T 5/2 . As a result, the thermal conductivity is usually a function of time and space.
The effects of resistivity and thermal conductivity on the critical Mach number at which viscosity must be needed to obtain a stationary fast shock has been studied. [5] [6] [7] [8] Xu and
Forbes 9 studied the structure of radiative switch-off shocks.
In addition, there are studies of magnetic reconnection in the presence of heat conduction. [10] [11] [12] [13] [14] [15] [16] The one-dimensional Riemann problem has been used to study the evolution and structure of various MHD shocks [15] [16] [17] [18] and the structure of reconnection layer. [19] [20] [21] [22] [23] In our earlier studies, 15, 16, 23 we have examined the effects of parallel heat conductivity K ʈ on slow shocks and intermediate shocks by using one-dimensional ͑1D͒ magnetohydrodynamic ͑MHD͒ numerical simulations. In the presence of K ʈ , a slow shock consists of two parts: the isothermal main shock and the foreshock. In this paper, we will focus on the heat conductivity effects on the fast shock structure and the evolution of the density jump across the main shock. At the main shock, most plasma and field quantifies make a jump in their values. The foreshock is a region immediate upstream of the main shock, in which some plasma and field quantifies are different from those in the far upstream region due to some physical processes taking place at the main shock. In the presence of heat conduction, the foreshock is formed due to the heat flux flowing from the hightemperature downstream region to the upstream region. Due to thermal diffusion, the width of foreshock region ͑L d ͒ initially expands toward upstream linearly with time. With the slowing down of the leading diffusion edge of foreshock at a later stage, L d tends to reach a constant value and the foreshock structure reaches a steady state in the shock frame. In the steady state, the value of diffusion velocity V d in the foreshock is found to be nearly equal to the upstream convection velocity in the fast shock frame. The jumps of physical quantities, such as density, pressure, velocity, and magnetic field, across the main shock can be determined by the modified Rankine-Hugoniot ͑RH͒ relations with heat flux. 15, 16 The results show that the calculated density jump across the main shock with heat conduction can far exceed the maximum value of 4 without heat conduction, consistent with simulation results. We also study the time evolution of the foreshock structure under different set of initial upstream parameters ͑␤ 1 , M A1 , 1 ͒.
II. SIMULATION MODEL
We use the following set of MHD equations, including a heat conduction term, 15, 16 to study the evolution of fast shock structure. The set of MHD equations with heat conduction, consisting of continuity equation, momentum equation, Faraday equation, and energy equation, is given by
‫͑ץ‬V͒ ‫ץ‬t
where , P, V, and B are, respectively, the mass density, pressure, flow velocity, and magnetic field. In Eq. ͑4͒, where K = K Ќ Î + ͑K ʈ − K Ќ ͒bb is the tensor of thermal conductivity, b = B / B and Î is a unit tensor. In our study, the specific heat ratio ␥ is set to be 5/3 and the heat flux Q can be written as
The perpendicular heat conduction K Ќ , which is related to the cross-field particle thermal motion, is much smaller than the parallel conduction K ʈ . Hence we can ignore the perpendicular heat conductivity K Ќ and only consider the parallel heat conductivity K ʈ term in the following 1D simulations:
where m e is the mass and e is the charge of electron. The plasma parameter ⌳ is defined by
where n e is the electron number density and k B is the Boltzmann's constant.
Let the length, magnetic field, and mass density be normalized by the background parameters L 0 , B 0 , and 0 , respectively. The pressure, temperature, and time are then normalized by 11, 15, 16 to solve the above equations. In the splitting procedure, Eq. ͑11͒ is advanced by two steps at each time step. In the first step, we assume there is no heat conduction, i.e., K 0 = 0 in Eq. ͑11͒. The nondissipative energy equation and Eqs. ͑7͒-͑10͒ are advanced over time step ⌬t 1 in which the Runge-Kutta methods, Taylor methods, and Friedriches-Lewy conduction are applied to solve the above equations. In the second step, the effect of heat conduction on the temperature is calculated, while , V, and B are kept unchanged. The temperature diffusion equation split from Eq. ͑11͒ can be written as
‫ץ‬ ‫ץ‬z
where and B obtained from the first step remain constant. It should be noted that the time step ⌬t 2 used in the second step is much smaller than the main time step ⌬t 1 . We advance Eq. ͑14͒ m times in each step ⌬t 1 , where ⌬t 2 = ⌬t 1 / m is decided by
In the simulations, the typical values of m range from 500 to 8000. In the solar corona the heat conductivity constant K 0 ranges from 10 3 to 10 8 as discussed earlier. 15 The typical values for solar corona are L 0 =5ϫ 10 8 cm, B 0 =10 G, n 0 =5ϫ 10 8 cm −3 and ln ⌳ = 20, leading to K 0 =5ϫ 10 3 . The dimensionless parallel heat conductivity K 0 can be expressed as
͑16͒
The heat conduction time scale t D can be related to L 0 and K ʈ by
Some values of K 0 in the solar corona and in the solar wind at 1 AU are shown in Table I . 15 The corresponding conduction time scale ͑t D ͒ and Alfvén time scale ͑t A ͒ are shown in . Therefore, the heat conduction effects should be considered.
III. SIMULATION RESULTS
In this section we first present a fast shock with a large density jump to examine the evolution of fast shock in the presence of heat conduction. We also simulate many cases with different values of Alfvén Mach number M A0 and heat conductivity constant K 0 to examine their effects on the density jump of fast shock in the earlier simulation time. In order to discuss the large density jump case, the fast shock is formed by using the piston method, and the profile of initial velocity is chosen as V͑z͒ = V x x + V y ŷ − V z tanh͑z / ␦͒ẑ, where 2 ͑z͒ / 2= P ϱ + B ϱ 2 / 2, where P ϱ is related to B ϱ by ␤ ϱ = P ϱ / ͑B ϱ 2 / 2͒. The initial temperature is assumed to be constant, i.e., T͑z͒ = T ϱ , and the density profile can be written as ͑z͒ = P͑z͒ / T ϱ = ϱ P͑z͒ / P ϱ . We set the normalized quantities B ϱ = ϱ =1, and hence P ϱ = ␤ ϱ / 2. The initial current sheet is located at z = 0 in the simulation domain, and a pair of fast shocks are formed and propagate in the ±z direction. Figure 1 plots the profiles of , T, P, B, B x , V x , and V z at the simulation time t =20 ͑dotted lines͒ and 600 ͑solid lines͒. The initial parameters for this case are M A0 =6, ␤ ϱ = 0.04, = 70°, and K 0 = 500. A pair of fast shocks with upstream Mach number M A1 = 6.94 ͑M A1 = 6.51͒ are formed with a large value of high density jump 2 / 1 = 5.98 ͑ 2 / 1 = 3.83͒ at simulation time t =20 ͑t = 600͒. It is found that due to thermal diffusion, the fast shock forms an additional foreshock in the upstream region. The foreshock expands toward upstream with time gradually, and hence the front foreshock covers a wide range. Thus, the structure of fast shock consists of two parts: the main shock and the foreshock. The foreshock is featured by a smooth temperature variation. The values of , T, P, B, V x , B x increase while V z decreases slightly in the foreshock region. The jump conditions across a shock must be modified in the presence of heat conduction. Figure 1 shows that in the central region of foreshock, the values of plasma and field quantifies ͑, T,P, B, B x , V x , and V z ͒ and their derivatives are all continuous. At the main shock, temperature T is continuous across the main shock, but its derivative is discontinuous. Other plasma and field In this simulation case, we find that in earlier time ͑t =20͒, the density ratio 2 / 1 across the isothermal main shock can be much larger than 4. At a later time t = 600, the density ratio 2 / 1 ͑=3.83͒ is smaller than 4, the upper limit of ordinary MHD shock. We will examine the density ratio 2 / 1 for the isothermal main shock based on the modified RH relations in the next section. In Fig. 2 the density ratio 2 / 1 , pressure ratio P 2 / P 1 , and temperature ratio T 2 / T 1 across the fast main shock are plotted as a function of time t for the case in Fig. 1 , where the subscript 1 ͑2͒ denotes the quantity immediate upstream ͑downstream͒ of the main shock but not in the far upstream. The density ratio 2 / 1 and pressure ratio P 2 / P 1 decrease with time. The temperature ratio T 2 / T 1 keeps a constant value 1, since the temperature is continuous across the main shock. In earlier time ͑t Ͻ 450͒, the density ratio 2 / 1 is larger than 4. At a later time ͑t Ͼ 450͒, the fast shock gradu- 2 . The density ratio ͑ 2 / 1 ͒, pressure ratio ͑P 2 / P 1 ͒, and temperature ratio ͑T 2 / T 1 ͒ across the fast main shock are plotted as a function of simulation time t for the case shown in Fig. 1 .
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ally reaches a steady state, and then the density ratio 2 / 1 becomes smaller than 4.
To examine the effects of heat conductivity K 0 and the Alfvén Mach number M A0 on fast main shocks in the earlier evolution time, Fig. 3 shows the density ratio 2 / 1 as a function of heat conductivity K 0 at an early simulation time t = 20 for M A0 = 4, 6, and 8. In all cases, we have set ␤ 1 = 0.04 and 1 = 70°. Figure 3 shows that with increasing K 0 and M A0 , the density ratio 2 / 1 across the main shock increases. The density ratio 2 / 1 can be much larger than 4, e.g., the density ratio 2 / 1 can reach a value of 9 for the case with M A0 = 8 and K 0 = 5000. In all cases, the density ratio 2 / 1 will gradually evolve to a value smaller than 4 in the steady state.
IV. MODIFIED RANKINE-HUGONIOT RELATIONS WITH HEAT FLUX
In the presence of heat conduction,
͑‫ץ‬T / ‫ץ‬z͒, the jump conditions across a shock must be modified. The modified RH relations with heat flux can be obtained by integrating Eqs. ͑7͒-͑11͒. In the de Hoffman-Teller frame where V is parallel to B and V y = B y = 0, the modified jump conditions are obtained as follows: 
. ͑24f͒
Here,
V A1 = B 1 / ͱ 1 , and the normalized heat flux ␦Q Figure 4 shows the results obtained from Eq. ͑23͒. The three panels present the density ratio 2 / 1 , pressure ratio P 2 / P 1 , and temperature ratio T 2 / T 1 across the isothermal main shock as a function of ␦Q for upstream parameters ␤ 1 = 0.508, 1 
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Structure of fast shocks… Phys. Plasmas 14, 122903 ͑2007͒ three ratios 2 / 1 , P 2 / P 1 , and T 2 / T 1 increase. In high Mach number M A1 cases, the density jump can far exceed the maximum value of 4 without heat conduction. The calculated results show that the high M A1 = 20 case can lead to a high value of density ratio 2 / 1 Ͼ 20. In addition, Fig. 5 shows three panels which present 2 / 1 , P 2 / P 1 , and T 2 / T 1 across the isothermal main shock as a function of ␤ 1 for upstream parameters 1 = 71°, ␦Q = 0.15, and M A1 = 2, 3, 4, 5, and 6. The results show that with an increasing ␤ 1 , 2 / 1 decreases, while both P 2 / P 1 and T 2 / T 1 increase initially and then decrease. Figure 6 shows three ratios 2 / 1 , P 2 / P 1 , and T 2 / T 1 as a function of ␦Q for a fast shock case with upstream shock parameters M A1 =4, ␤ 1 = 0.508, and 1 = 71°. With an increasing ␦Q, the density ratio 2 / 1 increases, while the temperature ratio T 2 / T 1 and the pressure ratio P 2 / P 1 increase initially and then decrease.
The fast shock at t = 600 in Fig. 1 fied RH relations to obtain 2 / 1 = 3.83. It is found that the calculated density jump result by the modified RH relations is equal to that from simulation. From above discussions, it is found that the density jump across the main shock with heat conduction in the earlier simulation time can far exceed the maximum value of 4 without heat conduction and the calculated density jump is close to the simulation value.
V. DEPENDENCE OF SHOCK STRUCTURES ON UPSTREAM PARAMETERS
The time evolution of the foreshock structure under different set of initial upstream parameters ͑␤ 1 , M A1 , 1 ͒ are studied in this section. The RH relations are used to determine the downstream parameters for a given set of upstream 
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parameters ͑␤ 1 , M A1 , 1 ͒, and then examine the dependence of foreshock structure on upstream parameters.
A. A case with K 0 = 60 000
First we present a case with heat conductivity constant K 0 = 60 000 ͑solid lines͒ case in Fig. 7 , which shows the spatial profiles of plasma density ͑͒, temperature ͑T͒, pressure ͑P͒, magnetic field ͑B͒, x component of tangential velocity ͑V x ͒, x component of tangential magnetic field ͑B x ͒, normal component of velocity ͑V z ͒, and y component of tangential magnetic field ͑B y ͒ at t = 10, 50, and 300. The upstream parameters are set to M A1 = 1.8, ␤ 1 = 0.04, and 1 = 70°.
The fast shock forms an additional foreshock in the upstream region as in the fast shock formed by the piston method in Fig. 1 . At t = 300, the plasma density at the main shock jumps from 1.06 to 1.92 in Fig. 7 . The density jump can be examined by the modified RH relations discussed above. The pressure increases from 0.282 to 0.521, while the temperature is continuous across the main shock. In the foreshock region, the temperature increases from the far upstream ͑T 1 = 0.04͒ to downstream ͑T 2 = 0.27͒. There are other important features in the temporal evolution of foreshock: ͑1͒ the values of , T, P, B, V x , B x increase with time, while V z decreases with time, and ͑2͒ the width of the foreshock region L d increases with time initially, and then tends to reach a constant value in the steady state.
In order to analyze the temporal evolution of foreshock, the width of the foreshock region L d as a function of time is plotted in Fig. 8 . We find that in the early stage ͑t Ͻ 100͒, the width L d increases with time t. In the later stage, the width L d tends to reach a steady state with a constant width in the fast shock frame. The reason for a constant width of foreshock is that the upstream convection velocity ͑V c ͒ in the fast shock frame is equal to diffusion velocity ͑V d ͒. The foreshock reaches steady state at an earlier time than in Fig. 1 . 
where V c is the value of convection velocity in the fast shock frame. For a steady state ‫ץ‬T / ‫ץ‬t = 0 in the shock frame, the convection term is balanced by the diffusion term. We can obtain To examine the effects of background plasma beta ␤ 1 on the shock evolution, Fig. 13 shows the simulation results for four cases with K 0 =10
4 , M A1 = 1.8, 1 = 70°, and ␤ 1 = 0.04, 0.1, and 0.2 at t = 1000. We find that as ␤ 1 increases the downstream temperature T 2 and pressure P 2 increase while the downstream values of 2 , B 2 , and V x2 decrease. A higher downstream temperature T 2 can lead to a larger parallel heat conductivity 
and hence the width of the foreshock region L d also increases with increasing plasma beta ␤ 1 . In the foreshock, , B, V x , and B x increase slightly while V z decreases slightly with increasing ␤ 1 .
We then examine the effects of the angle 1 between shock normal and magnetic field on the shock structure. 
VI. SUMMARY
In this paper, the evolution and structure of fast shocks in the presence of heat conduction are studied. The density jump across the fast shock is examined by the modified RH relations with heat flux. The time evolution of the foreshock structure under a different set of initial upstream parameters ͑␤ 1 , M A1 , 1 ͒ are also studied. The results can be applied to fast shocks in the solar corona, solar wind, and magnetosphere. We summarize our main findings below.
͑1͒
The fast shock consists of an isothermal main shock and a foreshock in the presence of heat conduction. In the earlier simulation time, the density ratio 2 / 1 across the isothermal main shock can be much larger than 4. In the later simulation time, the fast shock gradually reaches a steady state, in which the density ratio 2 / 1 becomes smaller than 4, the limiting value of ordinary MHD shock. ͑2͒ By using the modified RH relations, it is found that the density jump across the main shock with heat conduction can far exceed the maximum value of 4 in the presence of heat flux. ͑3͒ In the presence of heat conduction, the width of foreshock L d increases with time, and then reaches a steadystate value in the later time. The value of heat diffusion velocity V d for different K 0 is found to be close to the upstream convection velocity V c in the steady state. ͑4͒ As the upstream shock parameters K 0 , ␤ 1 , and M A1 increase or the shock normal angle 1 decreases, the width of foreshock L d increases.
